Introduction
When a ball is allowed to move toward a flat plate covered with a thin layer of oil, highly localized pressures are generated due to the squeeze film action within the conjunction. Thus, an elastic dimple will occur at the center of the contact region. The pocket depth of the dimple depends on lubricant viscosity, applied load, and squeeze velocity. These phenomena occur in many mechanical elements such as machine tools, gears, bearings, rolling elements, automotive engines, and skeletal joints. Moreover, some additives are added to lubricants to modify the base oil to satisfy the needs of modern machines.
Christensen ͓1͔ studied the elastohydrodynamic lubrication ͑EHL͒ problem in the normal approach of two spheres. Numerical solutions for the general case with elastic deformation of the bodies and pressure-dependent viscosity considered are presented in that work. Lee and Cheng ͓2͔ developed a numerical scheme for pure squeeze EHL problems by using a compressible lubricant with pressure-dependent viscosity. They did not study a realistic process, such as the case of a ball dropping onto a lubricated surface. Sanborn and Winer ͓3͔ reported experimental confirmation of the essential features. They found that a dimple formed at the center of contact. Minimum film thickness occurred at the edges of the dimple. Paul and Cameron ͓4͔ were the first to use an impact viscometer to evaluate both the pressure distribution and the apparent viscosity of the oil film in EHL point contacts at pure squeeze. Wong et al. ͓5͔ improved on this viscometer by using a damper with image processing. Safa and Gohar ͓6͔ investigated pure impact problems using thin film transducers to measure the pressure in the contact region during impact. By studying the pressure at the contact center, they found that pressure reached two peaks during the total impact period. The first peak corresponded to the stage of impact where the impact force reached its maximum. At the very end of the rebound process, immediately before the ball left the lubricated surface, a sharp contact center pressure peak was also found. Yang and Wen ͓7,8͔ obtained a numerical analysis of the ball dropping problem. They solved the ball's equation of motion to determine the ball's position during impact. Unfortunately, only the results for the beginning of the impact were published, without any reference to the rebound. The primary peak was not reached in that analysis. Dowson and Wang ͓9͔ analyzed the bouncing of an elastic sphere on an oily plate. The analysis was restricted to normal motion in the first instance in order to develop the numerical procedure and to relate the overall findings to the results presented by Safa and Gohar ͓6͔. Larsson and Högund ͓10,11͔ also solved the same problems using the multigrid method. They concluded that the maximum pressure could reach higher levels in the lubricant film than in the corresponding dry impact situation. They also gave theoretical evidence of the existence of the secondary pressure peak reported by Safa and Gohar ͓6͔. Furthermore, they showed that cavitation occurs during rebound and a pressure spike forms along the periphery of the contact region. Later, Chang ͓12͔ proposed an efficient modeling strategy for lubricated impacts that can be incorporated into the global dynamics model of a mechanical system. It complements several previous papers on modeling of the impact between two elastic bodies with a liquid lubricant. However, the above analyses were all limited to the spherical squeeze film mechanism lubricated with a Newtonian viscous fluid.
In recent years, experimental studies ͓13,14͔ have shown clear evidence of load enhancement and friction reduction effects due to the presence of additives. Therefore, the effects of additives on the fluid rheology of a lubricant received great research attention. Since the flow behavior of a Newtonian lubricant blended with
various additives could not be described accurately by the classical continuum theory, many microcontinuum theories have been proposed ͓15-17͔. Among these theories, the Stokes theory ͓16͔ is the simplest theory that accounts for the effects of couple stresses, body couple, and asymmetric tensors. This couple stress model aims to examine the effects of particle sizes. This model is important for the applications of pumping flow, i.e., liquid crystal, polymer-enhanced oil, animal blood, and artificial fluid. Several investigators have used the Stokes couple stress fluid theory to analyze the performance characteristics of various bearing systems, such as journal bearings ͓18,19͔, line contacts ͓20,21͔, hydrostatic bearings ͓22,23͔, and squeeze films ͓24,25͔. However, their study of the effects of couple stress on EHL circular contact at impact loading is not valid.
In this paper, pure squeeze EHL motion of circular contacts with couple stress lubricant is explored under impact loading conditions. On the basis of microcontinuum theory, the modified Reynolds equation is obtained by using the Stokes equations of motion to account for the couple stress effects resulting from the Newtonian lubricant being blended with various additives. The coupled transient modified Reynolds, elasticity deformation, and ball motion equations are solved simultaneously using the finite difference method and the Gauss-Seidel iteration method. Compared with the case of a Newtonian lubricant, the effects of couple stress fluids on the elastic deformation and the performance of a squeeze film are discussed under the conditions of impact and rebound.
Theoretical Analysis

Modified Reynolds Equation.
Two spheres approach one another in terms of an equivalent sphere approaching a plane. Consider the squeeze film mechanism as shown in Fig. 1 ; an elastic sphere of radius R approaches an infinite plate with a velocity under impact loading condition. The lubricant in the system is taken to be a compressible couple stress fluid.
According to the Stokes microcontinuum theory ͓16͔, the field equations of a compressible coupled stress fluid in the absence of body forces and body couples are
where V is the velocity vector, is the density, p is the pressure, is the classical viscosity coefficient, and is a new material constant with the dimension of momentum responsible for the couple stress fluid property. Since the ratio / has the dimensions of length squared, the dimension of l = ͑ / ͒ 1/2 characterizes the material length of couple stress fluids, and l is assumed to be a material constant in the present analysis.
Under the usual assumption of EHL applicable to a thin film, the reduced momentum equations and the continuity equation governing the motion of the lubricant given in polar coordinates can be obtained as
The boundary conditions can be stated as follows:
͑a͒ At the surface of the plate, we have no-slip and stressfree conditions, i.e.,
͑b͒ At the surface of the sphere, we have no-slip and stressfree conditions, i.e.,
Integrating Eqs. ͑3͒ and ͑4͒ using boundary conditions ͑6͒ and ͑7͒, the velocity component u is
Substituting Eq. ͑8͒ into Eq. ͑5͒ and integrating across the film thickness with the boundary conditions of v͑r , z͒: 
where
The radial coordinate r has its origin at the center of the contact. The boundary conditions for Eq. ͑10͒ are
When the pressure increases with time, the elastic deformation and the effect of pressure on the viscosity cannot be neglected. This stage is denoted as the high-pressure stage. It is the problem Fig. 1 
of pure squeeze motion in EHL. The coupled Reynolds, rheology, load equilibrium, and elasticity equations have to be solved numerically.
Rheology Equation.
The viscosity of the lubricant is assumed to be the function of pressure only. The relationship between viscosity and pressure used by Roelands et al. ͓26͔ can be expressed as = exp͕͑9.67 + ln 0 ͓͒− 1 + ͑1 + 5.1 ϫ 10 −9 p͒ zЈ ͔͖ ͑13͒
where 0 is the viscosity at ambient pressure and zЈ is the pressure-viscosity index. We also assume that the relation of Reolands et al. of viscosity versus pressure ͑͑p͒͒ has the same form as the relation of material constant versus pressure ͑͑p͒͒. Therefore, the characteristic length l = ͑ / ͒ 1/2 is also a constant, even though it is a function of pressure. According to Dowson and Higginson ͓27͔, the relationship between density and pressure is given as = 0 = 1 + 0.6 ϫ 10 −9 p 1 + 1.7 ϫ 10 −9 p ͑14͒
Elasticity Equation.
The film thickness in a nominal point contact elastohydrodynamic conjunction can be written as
To calculate the static deformation due to pressure distribution, influence coefficients D ij are introduced. The deformation can thus be computed at discrete points i as a sum of the deformation contributions from all pressure points j:
The dimensionless film thickness between two elastic bodies in circular contacts can be expressed as
where the influence coefficients D ij are computed according to Yang and Wen ͓7͔ and Larsson and Högund ͓11͔.
Ball Motions.
For the ball dropping case, the equation of motion can be written as
or in dimensionless form,
The initial conditions for Eq. ͑19͒ are
The rigid separation and normal velocity of the ball's center in each time step can be determined as
where A 0 is found from Eq. ͑19͒.
Results and Discussion
In this paper, for all cases, the ball is assumed to accelerate continually from the initial film thickness of the lubricant layer ͑h 00 =20 m͒ with initial velocity ͑v 00 =−0.1 m/s͒. Numerical solutions of film thickness and pressure in pure squeeze motion are calculated using the various input parameters presented in Table 1 . The upper limit of the computational region at the start is chosen as X max = 10.0. When more than half of the region is cavitated, the maximum analyzed region X max reduces to half of its initial region, and so on, until X max = 2.5. The grid is made up of 501 nodes, which are evenly distributed, in every calculating domain. The Gauss-Seidel iteration is employed to calculate film thickness and pressure distribution at each time step.
For a ball impacting and rebounding from a lubricated surface, the operation and initial conditions of Larsson and Högund ͓11͔ are employed in the present algorithm to solve the pure squeeze EHL circular contacts problem. As shown in Fig. 2 , the numerical results for relative impact force are in good agreement with those obtained by Larsson and Högund ͓11͔. The discrepancies come from the finer grids and calculation region varying with time in the present analysis.
Safa and Gohar ͓6͔ found that the pressure near the contact center reached two peaks during the total impact period. When the ball started to rebound from the lubricated surface, the pressure decreased again, but at the end of the total impact time, a second pressure peak occurred, forming at the dimple edge but moving rapidly toward the contact center. At the end of impact, it reached the contact center and the sharp pressure spike. The secondary peak could be of higher amplitude than the first peak. However, the elastic modulus of the glass used by Safa and Gohar ͓6͔ is not known precisely. The phenomenon of a secondary peak in the contact center pressure is proved numerically in this analysis. It is seen from Fig. 3 that the trend of the pressure at the contact center with time is coincident between the experimental values and the numerical values. Furthermore, as the effects of couple stress increase, the primary peak increases, whereas the secondary peak decreases. The times when the primary peak pressure forms at L = 0, 12.045, and 24.090 are about 1.683ϫ 10 9 ͑305 s͒, 1.609 ϫ 10 9 ͑292 s͒, and 1.562ϫ 10 9 ͑284 s͒, respectively. In addition, the times when the secondary peak pressure forms at L =0, 12.045, and 24.090 are about 2.316ϫ 10 9 ͑421 s͒, 2.252ϫ 10 9 ͑410 s͒, and 2.197ϫ 10 9 ͑400 s͒, respectively. Therefore, the greater the characteristic length of the couple stress fluids is, the earlier the first and secondary peaks are formed and the shorter the total impact time is. These phenomena can be explained by Eq. ͑11͒. The equivalent viscosity is / F. The smaller H / L is, the more obvious the effect of couple stress is. Therefore, the effect of the couple stress is equivalent to enhancing the lubricant viscosity, which also enlarges the damper effect.
Figures 4 and 5 show the relative change in the dimensionless pressure distribution and dimensionless film thickness for an elas- When the ball begins to separate, a pressure spike developes around the periphery of the contact region, and a sharp corner arises at the location of the pressure spike due to the rapidly changing pressure level. The minimum film thickness occurs at the edges of the dimple, and closing toward the center of the contact. Furthermore, it is seen from Figs. 4 and 5 that the greater the characteristic length of the couple stress fluids is, the greater the pressure spike is, the greater the film thickness is, the smaller the diameter of the dimple is, and the earlier the pressure spike and the dimple are formed. As previously mentioned, during the squeeze process, the closer the ball is to the plate, the greater the pressure. At the initial stage, the distribution of the film thickness is thicker, and the pressure distribution is smaller. As the ball approaches the plate, the distribution of the film thickness becomes thinner, and the pressure distribution is large enough to cause elastic deformation of the ball. Figures 6 and 7 show the relationship between film thickness, the relative impact force ͑C w ͒, and time by using the EHL model, respectively. It can be seen that the ball has reached the lubricant layer and begins to squeeze the lubricant film away at the initial impact stage. Since the pressure is low, the elastic deformation is very small, and the relative impact force rises slowly. When the central film thickness ͑H c ͒ reaches 7.966 ͑2.0 m͒, 14.965 ͑3.7 m͒, and 19.875 ͑5.0 m͒ at L = 0, 12.045, and 24.090, respectively, the high-pressure stage develops with pressure distribution rising so that the elastic deformation effect is obvious. This figure also shows that the central film thickness, the minimum film thickness, and the rigid separation decrease with time; however, when the minimum value is reached, they gradually increase with time. Furthermore, the relative impact force increases with time, but when the maximum value is reached, it decreases with time. This phenomenon reveals the rebound. The recovery coefficient is smaller than 1, also implying that the lubricant has a damping effect. In the rebound process, cavitation appears at the position near the edges of the dimple. In addition, it can be also shown that the greater the characteristic length of the couple stress fluids is, the greater the film thickness and the rigid separation are and the smaller the maximum value of the relative impact force is. This is because larger equivalent viscosity results in greater film thickness and damping effect. These figures also show a deviation of 1.10ϫ 10 7 ͑2 s͒, 1.93ϫ 10 7 ͑3.5 s͒, and 2.47ϫ 10 7 ͑4.5 s͒ at L = 0, 12.045, and 24.090, respectively, between the time of the maximum relative impact force and the minimum rigid separation. The phase shift is caused by the system including the damping and the elastic properties. Figure 8 shows the relationship between the squeeze velocity and the squeeze acceleration with time before T = 1.2ϫ 10 9 . It can be shown that as the ball approaches the plate, the central squeeze acceleration shrinks because of the reacting force applied by the oil film to the ball. However, the central normal squeeze velocity increases due to the acceleration. Furthermore, in the highpressure stage, Fig. 9 shows the relationship between the squeeze velocity and the squeeze acceleration with time during the total impact time. We can observe that the counterforce given by the oil film to the ball exceeds the ball's weight. Acceleration of the ball's center from the counterforce gradually increases and the squeezing velocity of the ball's center gradually decreases, but C w increases continuously due to the continuous squeezing process. When the counterforce created by the oil film increases to a peak value, acceleration also increases to a peak value and the squeezing velocity decreases to zero ͑t approximately equal to 1.661 ϫ 10 9 ͑302 s͒, 1.573ϫ 10 9 ͑286 s͒, and 1.513ϫ 10 9 ͑275 s͒ at L = 0, 12.045, and 24.090, respectively͒, i.e., rebounding begins. During the rebounding process, acceleration of the ball's center and C w decrease gradually until the rebounding velocity reaches a peak, C w approaches 1.0, and acceleration approaches zero. The figure also shows a deviation of 1.10ϫ 10 7 ͑2 s͒, 1.65ϫ 10 7 ͑3 s͒, and 1.93ϫ 10 7 ͑3.5 s͒ at L = 0, 12.045, and 24.090, respectively, between the peak value of the squeeze acceleration and the zero value of the squeeze velocity. This phase shift is also caused by the damping and elastic properties. In addition, it is seen from Fig. 9 that the greater the characteristic length of the couple stress fluids is, the smaller the rebounding velocity is, i.e., the smaller the recovery coefficient and the peak value of acceleration are. This is due to the fact that larger couple stress fluid effects result in a greater damping effect.
Conclusions
In this paper, the effects of couple stresses on pure squeeze EHL motion of circular contacts were explored at impact loading. The effect of the couple stress is equivalent to enhancing the lubricant viscosity, which would also enlarge the damper effect. Also, the phase shift is caused by the system that includes the damping and the elastic properties. The main results can be summarized as follows:
͑1͒ The fact that the contact central pressure reached two peaks during the total impact period is proved numerically in this analysis. As the effects of couple stress increase, the first and second peaks form earlier, the total impact time decreases, the pressure of the first peak increases, and that of the second peak decreases. ͑2͒ As the characteristic length of the couple stress fluid increases, the pressure spike and the dimple form earlier, the maximum pressure and the film thickness increase, and the diameter of the dimple decreases. ͑3͒ The greater the characteristic length of the couple stress fluids is, the greater the film thickness and the rigid separation are, the smaller the maximum relative impact force is, and the greater the phase shift between the time of the 297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322 maximum relative impact force and that of the minimum rigid separation is. ͑4͒ As the characteristic length of the couple stress fluid increases, the rebounding velocity and the peak value of acceleration decrease, and the phase shift between the peak value of the squeeze acceleration and the zero value of the squeeze velocity increases. 
